Rett syndrome (RTT) is an autistic spectrum disorder with a known genetic basis. RTT is caused by loss of function mutations in the X-linked gene MECP2 and is characterized by loss of acquired motor, social and language skills in females beginning at 6 -18 months of age. MECP2 mutations also cause non-syndromic mental retardation in males and females, and abnormalities of MeCP2 expression in the brain have been found in autistic spectrum disorders. We studied home-cage behavior and social interactions in a mouse model of RTT (Mecp2 308/Y ) carrying a mutation similar to common RTT causing alleles. Young adult mutant mice showed abnormal home-cage diurnal activity in the absence of motor skill deficits. Nesting, a phenotype related to social behavior, and social interactions were both impaired in these animals.
INTRODUCTION
Classic Rett syndrome (RTT, MIM 312750), a leading cause of mental retardation with autistic features in females, is an X-linked disorder caused by mutations in MECP2, the gene encoding methyl-CpG binding protein 2 (MeCP2) (1) . In its classic form, the disorder is characterized by a period of normal development followed by loss of acquired cognitive, motor and social skills. Affected girls achieve normal developmental milestones until 6 -18 months of age, when they fail to attain new skills and begin a period of regression. Patients develop receptive and expressive aphasia, and manifest a constellation of characteristic abnormalities of motor function. These include loss of purposeful hand movements, apraxia and ataxia of gait, spasticity and manifestations of extrapyramidal dysfunction (2) . Girls with RTT syndrome also display a range of very distinct behavioral manifestations. For instance, hand stereotypies-repetitive, involuntary stereotyped movements such as hand-wringing, clapping or waving-replace the purposeful use of the upper extremities. Normal breathing is replaced during the waking hours by hyperventilation and breath holding spells (2) . Sleep/wake patterns also become disrupted and the patients show decreased amounts of rapideye-movement sleep (3, 4) . Among the behavioral features of RTT, symptoms of autism deserve special attention. RTT and autism have long been recognized to have common clinical manifestations (2, 5) , to the point that before recognition of RTT as a distinct disorder, Rett syndrome patients were regarded as autistic (6 -9) . According to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV), RTT is one of the five sub-types of pervasive developmental disorder, together with classic autism and Asperger disorder (10) . Great interest exists in the elucidation of the causes and pathogenesis of autism. A 556% increase in pediatric prevalence of autism has been reported between 1991 and 1997 (11) , to a prevalence higher than spina bifida, cancer or Down syndrome (12) . Although autism is recognized to be the common endpoint of neurological dysfunction of varying etiologies, common disease mechanisms may underlie the phenotypes shared by RTT and autism, and advances in our understanding of RTT may also shed some light into the pathogenesis of autism.
In addition to classic RTT, mutations in the MECP2 gene have been identified in a wide spectrum of neurological phenotypes. MECP2 mutations have been found in females with infantile autism, mild intellectual impairment and preserved speech RTT variants, and also in normal individuals (13 -16) . MECP2 mutations have also been found in several males with phenotypes including fatal neonatal encephalopathy, a constellation of severe mental retardation, seizures, tremor, ataxia and psychiatric manifestations (13) . A major determinant of phenotype severity in females is the pattern of X-chromosome inactivation (generally skewed favoring the X-chromosome with the normal allele in mildly affected individuals and random in patients with classic presentation) (17) . However, the location and type (missense versus non-sense) of the mutation also appear to play a role, especially in males, due to the presence of a single X-chromosome (17) . Males with XXY karyotype who, like females, are mosaic for the normal and mutant X-chromosome, have disease manifestations very similar to classic RTT females (18) . These findings suggest the potential for shared molecular mechanisms between male and female patients. This also implies that the study of affected males in human and animal models may facilitate the unraveling of RTT pathogenesis by eliminating variables found in females due to unpredictable patterns of X-chromosome inactivation. We have modeled RTT in the mouse by generating animals that express a truncating mutation of Mecp2 (Mecp2 308 ), a type of mutation commonly found in classic RTT (19) . In a mixed 129/SvEv Â C57BL/6 genetic background, this mutation produces a neurological phenotype in both male and female mice (Mecp2 308/Y and Mecp2 308/X ) that very closely recapitulates the motor dysfunction of classic human RTT. For example, after a period of normal development of several weeks, Mecp2 308/Y mice develop progressive motor symptoms including tremor, ataxia, stereotypic forepaw movements, hypoactivity, kyphosis, breathing abnormalities and seizures. Mecp2 308 heterozygous females have unbalanced patterns of X-chromosome inactivation (favoring the expression of the wild-type allele) and exhibit a high degree of phenotypic variability beyond what is observed in human patients with similar mutations (20) . Social interaction studies were performed in these mixed background animals at 6 months of age, a time at which Mecp2 308/Y mice are clearly symptomatic, and no social phenotype was detected in the mutants. On the other hand, the data suggested that wild-type social partners actively avoided the interactions with Mecp2 308/Y mice, a result that may have been related to the prominent physical and neurological abnormalities of mutant animals (19) .
Given the prominence of disturbances of social interactions in RTT and autism, and the importance of an understanding of these deficits, we focused our attention on social interactions in Mecp2 308/Y mice. We hypothesized that mutant mice display social interaction abnormalities suggestive of behavioral deficits shown by individuals with RTT and infantile autism, and that these disturbances are manifested prior to development of a severe motor phenotype. Most behavioral tests in experimental animals depend on the measurement of motor output and may be influenced by underlying diurnal activity or motor dysfunction. Furthermore, controlling for these variables is essential in an animal model of RTT as patients are known to have both sleep/wake disturbances and motor deficits. To this end, we first performed a detailed analysis of motor skills and diurnal behavior in Mecp2 308/Y mice on a pure 129/SvEv genetic background. Using different tests, we then assessed social interactions prior to the development of motor dysfunction.
RESULTS

Ten-week-old Mecp2
308/Y mice display no locomotion deficits, abnormal anxiety responses, ataxia or grooming
Prior to tests of social interaction in Mecp2
308/Y mice, we first sought to determine whether mutant mice of pure 129/SvEv background have motor deficits that may impact social behavior. We tested 9-10-week-old mice using paradigms similar to those utilized on mixed background animals (19) . In the open-field test, there were no significant differences between genotypes in distance traveled, time spent moving, movement speed, rearing and distribution of activity within the field (Fig. 1A -E) . Using the accelerating rotarod apparatus, we did not detect any deficiency in the performance of Mecp2 308/Y mice (Fig. 1F) . To further probe deficit of motor coordination, we performed the dowel, vertical pole and wire suspension tests (21) . No differences between genotypes were noted in the dowel and vertical pole tests ( Fig. 1G and  H) . In the wire test, however, wild-type mice could generally suspend themselves for the maximum time of 60 s (Fig. 1I ), but Mecp2 308/Y mice tended to drop early (P , 0.01). Although the majority of mutant mice displayed forepaw stereotypical movements and half of them showed tremor ( Fig. 1J and K) , self-grooming, a paradigm of stereotypical mouse behavior dependent on forepaw use, was not altered in Mecp2 308/Y mice sprayed with a light water mist (Fig. 1L) . Furthermore, automated measurements in the open field and direct observations in a novel cage confirmed the absence of grooming abnormalities (data not shown). The lack of measurable deficits in most of these tasks was not due to poor sensitivity of the tests or absence of phenotypic differences between wildtype and mutant mice on a pure 129/SvEv genetic background. For all the coordination tasks, impairment of motor skills in mutant mice could be detected at more advanced ages (data not shown). Overall, these data indicate that 10-week-old Mecp2 308/Y mice have normal locomotor activity and anxiety-related responses in a novel environment, and do not show ataxia or gait abnormalities in three separate coordination tests and do not have impairments of grooming. This suggests that 10-week-old Mecp2 308/Y mice may be reliably used in social interaction studies detailed subsequently. Figure 2A , Mecp2 308/Y mice displayed relative hypoactivity in the dark phase (P , 0.05) and hyperactivity in the light phase (P , 0.005) when compared with wild-type littermates, although activity over a 24 h period did not differ between genotypes. The reduction in activity in the dark phase was mainly due to a decreased locomotion (P , 0.005) (Fig. 2B) , whereas the relative hyperactivity in the light phase was secondary to an increase of fine movements (P , 0.005) (Fig. 2C) . The spatial distribution of activity within the cage was similar between mutant and wild-type mice (data not shown). Other home-cage parameters, such as the number and distribution of fecal pellets (data not shown) and the position of the nest (discussed subsequently), did not differ between genotypes. Given the diurnal motor abnormalities uncovered in Mecp2 308/Y mice and the function of Mecp2 in transcriptional repression, we sought to determine circadian responses by testing motor activity in constant darkness after entrainment to a light:dark cycle. Two separate groups of mice were tested first under light:dark conditions and next during dark:dark cycles. The first group of animals was tested using the infrared beam system in their home cage. The second group was studied using a wheel running paradigm. In either of these experiments, there were no detectable differences in the circadian activity of wild-type and mutant mice after transition to constant darkness. In the first experiment, both genotypes showed similar degrees of delay of peak spontaneous activity under continuous dark conditions (Fig. 2D -G) . In the running wheel paradigm, free-running period was similar in both genotypes, 24.03 + 0.07 h in wild-type and 23.78 + 0.22 h in mutants (mean + SEM; P . 0.05). The known effects of wheel running on circadian activity were the most likely source of differences between the two experiments (22, 23) . To assess entrainment to light, activity onset was tested after returning the animals to a 12:12 h light:dark cycle for 3 days (infrared beam experiment) or following a single light pulse (wheel running experiment). No significant genotype differences were detected (data not shown).
Nest building and utilization are impaired in
As a measure of home-cage activity related to social behavior, we studied nesting behavior. During the 3 weeks of analysis of motor activity in the home cage, we monitored the following:
(1) the ability of mice to build the nest; (2) the location of the nest within the cage; and (3) the position of the mouse during periods of rest with respect to the position of the nest. As shown in Figure 3A and B, both height and quality of the nest, measured 24 h after introduction of nesting material into the cage, were reduced in Mecp2 308/Y mice. Examples in Figure 3C and D illustrate how a representative wild-type nest had the shape of a cocoon with well assembled walls, whereas a mutant nest consisted of largely untouched nesting material. The difference between genotypes did not appear to be related to slower building of the nest as it persisted even for up to 1 week (data not shown). Utilization of the nest also differed between the genotypes, whereas wildtype mice were found resting in the nest in 100% of the observations, and Mecp2 308/Y mice were observed inactive away from the nesting material 12.5% of the time (Fig. 3E) . We next sought to determine whether the difference in nest building was due to impairment in the physical manipulation of nesting material or whether mutant mice spent less time building the nest. Mice of both genotypes were given two types of nesting material: normal pressed cotton which requires shredding or a paper towel (Kimwipes). This experiment showed that after both 30 min and 24 h, mutant mice showed significantly reduced nest height with both types of nesting material ( Fig. 3F and G) . Similar results were obtained assessing nest quality (results not shown). Finally, behavioral scoring demonstrated that Mecp2 308/Y mice spent significantly less time building the nest when given pressed cotton nestlets (Fig. 3H ). After introduction of new nesting material into the cage, wild-type mice spent on average 11 out of 30 min building the nest, whereas Mecp2 308/Y mice spent only 2 min actively manipulating the same material.
Social interactions (I): Mecp2
308/Y mice show no abnormalities in the resident -intruder paradigm
In the wild, Mus musculus is a social species that establishes group territories (24) . In this setting, mouse colonies are defended by a dominant male that attacks intruders that enter the territory. In the laboratory environment, the dominant male monitors and defends the entire cage space, occasionally attacking other males. The resident -intruder test measures territorial behavior in male rodents and is often used to study aggression. Isolation and repeated testing increase the likelihood of territorial attacks from the resident test mouse in his home cage. In addition to aggression, two mice that have not previously met display other types of social behaviors including following, sniffing, grooming and physical contacts that may lead to fighting. We used the resident -intruder paradigm to study the encounters between single-housed mice (Mecp2 308/Y and wild-type littermates) and socially housed wild-type controls. Each test mouse was tested for three consecutive days, each time with a different wild-type animal. Analysis of the time spent in each behavioral class across all 3 days showed a complicated interaction between test day, behavioral class and resident vs. intruder (P , 0.05). In order to study this interaction, the analysis was run for residents and intruders separately. Although the behavior of both residents and intruders was significantly influenced by time (P , 0.05), no significant genotype differences were detected. Overall, the residents showed higher social activity than intruders without excessive levels of aggression. Figure 4A -F shows the effect of repeated testing for each behavioral class. Although mild effects were found with repeated testing, none of the post hoc comparisons revealed significant changes. None of the tests had to be terminated due to excessive aggression.
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Social interactions (II):
Mecp2 308/Y mice are impaired in a test of social interaction without physical contact
As an alternative paradigm to measure the interaction between mice, we devised a partition test in which the interaction between two mice could be studied without direct physical contact and for a longer period of time. This test was employed as a tool to estimate the behavioral reactivity of wild-type and Mecp2 308/Y mice to a wild-type conspecific placed behind a transparent perforated barrier (Fig. 5A) .
Measurement of the position of wild-type and Mecp2
308/Y mice placed in the large cage compartment (Fig. 5B) showed that mutant mice spent significantly less time in the vicinity of the partition (P , 0.05) and more time on the far side of the cage (P , 0.001). A planned analysis of data from the first and second 30 min of the experiment showed a trend for an interaction between time and differences in the distribution of activity between wild-type and mutant mice (P ¼ 0.091). For the position close to the partition, the relative difference between wild-type and Mecp2 308/Y mice increased from 10 to 28% between the first and second half-hour ( Fig. 5C and D) . This analysis did not evaluate whether wild-type and mutant mice were simply resting near the partition or interacting with animals in the small cage compartments. As a measure of active interaction, we also determined whether mice close to the barrier were in the vicinity of the stimulus mice (,1 Â body length) or near the barrier, but not close to the opponent (.1 Â body length). Interestingly, both genotypes spent similar amounts of time near the partition at more than one body length from the stimulus mouse (Fig. 5E , 'non-interacting' mice). On the other hand, mutant mice showed a trend to be less often in close vicinity with the mice across the barrier (Fig. 5E , 'actively interacting' mice; P ¼ 0.058). To more directly assess the activity of test mice, we also used an automated system to study non-ambulatory movements ('fine movements') before and after introduction of stimulus mice in the small cage compartments. These measurements evaluated motor activity restricted to small cage areas and were not influenced by animals resting in a stationary position. As shown in Figure 5F , before introduction of stimulus animals, wild-type and Mecp2 308/Y mice had similar levels and distribution of fine movements. After 308/Y mice displayed a decrease in total activity in the dark phase and hyperactivity in the light phase when compared with that in the wild-type littermates. The reduction in dark phase total activity was mainly due to decreased locomotor activity (B), whereas the relative light phase hyperactivity was secondary to an increase in fine movements (C). Human Molecular Genetics, 2005, Vol. 14, No. 2 209 controls were placed across the barrier, mice of both genotypes responded to the presence of stimulus animals with a marked change in the level and distribution of activity. Interestingly, when compared with wild-type, mutant mice showed a 6% reduction of total fine movements (P , 0.05) and a difference in the distribution of fine movements within the cage compared with wild-type (P , 0.005 for the interaction between genotype and cage position) (Fig. 5G ). For the position closest to the barrier, fine movements were 50% lower in Mecp2 308/Y mice compared with wild-type animals (P , 0.01). In a planned analysis of the effect of time, we compared the distribution of activity during the light and dark cycles. Differences in the distribution of fine movements between genotypes were not dependent upon the light cycle. Overall, these data indicate that Mecp2 308/Y mice have deficits in the interaction with unfamiliar control males in a partition test.
Social interactions (III): the tube test of social dominance reveals a subtle phenotype in
As an additional method to evaluate social interactions, we next used the tube test, a paradigm used to evaluate social dominance (25) . In this experiment, two mice were positioned at the opposite end of an acrylic tube and released to meet inside it. After a period of time during which the animals explored each other, one mouse backed out of the tube ending the test. Single-housed wild-type and Mecp2 308/Y mice were first tested against socially housed wild-type mice and then against each other. When single-housed wildtype and Mecp2 308/Y mice were paired with group-housed controls, no differences between genotypes were observed in the retreats from the opponent (Fig. 6A) , distance traveled inside the tube (Fig. 6B ) or time to retreat from the opponent (Fig. 6C ). There were also no differences in the retreat from the opponent when testing single-housed mice of both genotypes against each other (Fig. 6D) . Interestingly, genotype differences were detected in single-housed mice in the maximum distance covered inside the tube before reaching the opponent and time to retreat. Mecp2 308/Y mice traveled a shorter distance inside the tube when they were paired with wild-type single-housed mice (Fig. 6E , P , 0.001). Furthermore, although the interaction between wild-type/wild-type or mutant/wild-type pairs did not show differences between genotypes, when mutant mice were paired with each other, there was a significant increase in test duration (Fig. 6F , 210 Human Molecular Genetics, 2005, Vol. 14, No. 2 P , 0.01). To control for motor impairments or poor motivation, we tested the ability of naïve wild-type and Mecp2 308/Y mice to walk across the tube in the absence or presence of familiar food at its opposite end. In either setting, there were no significant differences between genotypes (data not shown). These results show that Mecp2 308/Y mice have subtle impairments in the interaction with unfamiliar single-housed controls in the tube test.
Social interactions (IV): Mecp2
308/Y mice have impairments of social interaction, but no deficit of social recognition or olfaction The social interaction experiments described earlier were performed pairing subjects that had never encountered one another. Furthermore, behavioral testing was started immediately after introduction of the unfamiliar mouse to the test subject. We sought to determine whether the social interaction abnormalities seen in Mecp2 308/Y mice persisted after a period of habituation to the partner/opponent or whether the ability of recognizing familiar from unfamiliar mice was impaired. We measured the reactivity of wild-type and Mecp2 308/Y mice to familiar or unfamiliar adult mice in the neighboring compartment of a common cage divided in halves by a perforated transparent barrier. After 18 h of exposure to a conspecific across the partition, Mecp2 308/Y mice spent significantly less time in direct contact with the barrier (with whiskers, nose or paws) than wild-type littermates (Fig. 7A , familiar adult, P , 0.01). Replacement of the familiar adult mouse with a different subject showed a significant increase in the amount of time spent in contact with the partition for both mutant and wild-type mice. Both wild-type and Mecp2 308/Y mice spent approximately twice as much time as in contact with the partition (Fig. 7A , unfamiliar adult, P , 0.01). After reintroduction of the familiar mouse into the cage, animals of both genotypes showed a return to baseline levels (Fig. 7A, familiar adult) . Interestingly, the level of social interaction of Mecp2 308/Y mice with both familiar and unfamiliar mice was significantly lower than wild-type littermates. These data demonstrate that Mecp2 308/Y mice display social interaction abnormalities even after a prolonged period of exposure to an adult conspecific, but importantly their ability to discriminate between familiar and unfamiliar individuals is not impaired. These results also suggest that sensory modalities required for social recognition are not impaired in Mecp2 308/Y mice. MeCP2 is highly expressed in the olfactory bulb and defects in the olfactory neuronal maturation have been described in Mecp2 null mice and RTT patients. To formally exclude the presence of olfactory deficits in Mecp2 308/Y mice, we measured the amount of time required 212
by wild-type and mutant mice to find food hidden under the cage bedding. Animals of both genotypes took similar amounts of time in this task (Fig. 7B ).
Social interactions (V):
Mecp2 308/Y mice are impaired in the interaction with unfamiliar juveniles, but show no olfactory deficits or abnormalities in the interaction with an unfamiliar inanimate object
In order to determine whether the social interactions deficits displayed by Mecp2 308/Y mice extended to the interaction with inanimate objects, we compared the time wild-type and mutant animals spent exploring three different types of stimuli: unfamiliar juvenile males; the nesting material used by unfamiliar mice (a familiar object with a novel odor); and a small clear plastic tube (an unfamiliar object). Juvenile males were used instead of adults to exclude the effect of mutual aggression. All stimuli were presented to the mice in standard cages in the absence of a partition to allow for maximal interaction. As shown in Figure 7C , Mecp2 308/Y mice spent approximately half as much time as wild-type animals exploring unfamiliar juvenile males placed in their cages (P ¼ 0.001). On the other hand, mice of both genotypes responded similarly to the presence of nesting material used by unfamiliar mice or the novel plastic object. These data demonstrate that the social deficits of mutant mice extend to the interaction with juveniles. More importantly, the results demonstrate that although mutant mice are impaired in the interaction with a conspecific, they behave normally in the presence of inanimate novel stimuli. Interestingly, the data indicate that the simple presence of the odor of unfamiliar mice is not sufficient to elicit abnormalities of exploratory behavior.
DISCUSSION
Abnormalities of diurnal activity in Mecp2
308/Y mice
The present study shows that Mecp2 308/Y mice have abnormalities in the diurnal control of motor activity that result in a marked reduction of the physiological difference in activity between dark and light phases. Mutant mice display hypoactivity in the dark phase and hyperactivity in the light phase. The relative decrease of activity in the dark phase is largely due to reduced locomotion, whereas the light-phase hyperactivity is mainly caused by an increase of fine movements. The amplitude of the difference in activity between light and dark phases is severely reduced in Mecp2 308/Y mice: where in wild-type mice, total activity was 146% higher in the dark than in the light, this increase was only 33% in mutants. Locomotor activity and fine movements are similarly altered, although to different degrees. Ambulation was nearly equal in the dark and light phases in Mecp2 Human
mice (only 8% difference compared with 91% change in wildtype). Fine movements were only 57% higher for the mutants in the dark phase compared with that in the light phase, whereas in wild-type mice this difference was 243%. Interestingly, despite these large shifts, the level of activity across the entire 24 h period was not affected. This suggests that the Mecp2 308 mutation does not result in a generalized reduction of motor function in adult male mice of pure 129/SvEv background. In agreement with this finding, experiments directed at assessing the motor skills of 10-week-old Mecp2 308/Y mice using a variety of tests did not reveal significant impairments in exploratory behavior, locomotion or coordination. In addition, the changes of activity during the light and dark phases do not appear to be related to dysfunction of the master circadian clock residing in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus. In fact, behavioral assessment of the activity of the SCN or its entrainment to light did not show significant differences between wild-type and Mecp2 308/Y mice. It is possible that the coupling between the SCN and neuronal systems controlling motor output may be impaired in RTT. Although the mechanism of these diurnal abnormalities remains to be determined, it is interesting to note a parallel with disturbances of activity reported in RTT patients. Affected girls have abnormalities of sleep/wake patterns with poor quality of sleep, significantly less nighttime sleep and more daytime sleep (3). Sleep studies have also shown a decrease of rapid-eye-movement sleep (4). Mood changes, including anxiety, have been reported in RTT and some of these manifestations may also have an impact on sleep. For instance, patients have been described with inconsolable crying and screaming at nighttime. In light of these observations, it is conceivable that the increased fine movements of Mecp2 308/Y mice during the light phase may be related to disturbances of sleep, and that the decreased ambulatory activity in these mice during the dark cycle may be functionally equivalent to the patient's increase of daytime sleepiness. Although sleep disturbances are not diagnostic of RTT, they point to the dysfunction of the neurological substrate controlling circadian behavior and/or sleep. Further studies directed at understanding the basis of these phenotypes in Mecp2 308/Y mice may provide a key to understand sleep/ wake abnormalities in RTT patients and perhaps provide some measures for control of these symptoms.
Nesting, a home-cage phenotype related to social behavior, is impaired in Mecp2 308/Y mice Mice of both sexes build a nest when provided with suitable material and are typically found lying in it during the daytime. In the wild, the nest provides shelter, camouflage 214 Human Molecular Genetics, 2005, Vol. 14, No. 2 from predators and conservation of body heat, and is an important component of fitness (26) . Parents and offspring share the nest and both parents retrieve pups into the nest. We have shown that male Mecp2 308 mutant mice have significant impairment of nesting behavior in the home cage. Although several mouse models have deficits of nesting behavior, this phenotype is often seen in association with considerable global motor impairments (27, 28) . In contrast, Mecp2 308/Y mice did not display significant motor deficits, suggesting that their nest building impairments may not simply result from general loss of motor skills. For instance, use of a nesting material that eliminated the need for extensive shredding and manipulation did not improve the performance of Mecp2 308/Y mice. Secondly, even though the height and quality of the nest increased in both genotypes between 30 min and 24 h from introduction of the nesting material in the cage, mutant mice were unable to achieve the complexity of the nest of wild-type mice. Nesting was also decreased in Mecp2 308/X heterozygous females in the absence of measurable motor impairments and not only in the generally more severely affected males (Paolo Moretti and Huda Y. Zoghbi, personal communication). Finally, Mecp2 308/Y mice spent significantly less time actively interacting with the nesting material suggesting decreased interest in building the nest. In observations conducted over several days, mutant mice were found outside the nest during periods of inactivity indicating that nest utilization, and not only its construction, were affected and suggesting the existence of non-motor deficits in nesting behavior. Overall, these data indicate the presence of behavioral phenotypes that go beyond the impairment in execution of a motor task. Mecp2 308/Y mice have stereotypical movements of the forepaws when held by the tail and are impaired on wire suspension, a test largely dependent on forepaw use. Although we cannot exclude that subtle motor dysfunction affecting predominantly the forepaws may disrupt execution of complex motor tasks requiring their use, not all forepaw-mediated behaviors are impaired in mutant mice. Self-grooming, a complex stereotyped behavior involving the forepaws, was not affected in the mutants. This suggests that simple forepaw stereotypies do not interfere with all forepaw movements in Mecp2 308/Y mice, and may not affect complex stereotyped and non-stereotyped behaviors such as grooming and nesting. It is tempting to speculate that the severe deficits in the interaction with nesting material found in mutant mice may correspond to the apraxia of hand use seen in RTT patients. Although speculative, this hypothesis is strengthened by the presence of many obvious phenotypic similarities between Mecp2 308/Y mice and RTT patients, including the resemblance of forepaw stereotypies with hand-wringing (19) .
Interestingly, changes in nesting have been associated with abnormalities of social interactions in other mouse models. For example, mice deficient for Dvl1, a mouse homolog of the Drosophila segment polarity gene Dishevelled, exhibit deficits in nest building and reduced social interactions (29, 30) . Male mice selected for high nest-building behavior are more aggressive than either mice selected for low nestbuilding behavior or randomly bred control lines (31) . Conversely, male mice selected for short attack latency show more nest-building behavior than those selected for long attack latency. It remains to be determined whether the neurological substrate regulating social interactions is also responsible for controlling nesting behavior.
Mecp2
308/Y mice display test-dependent impairments of social behavior
Using five different behavioral tests to study social interactions, we have shown that Mecp2 308/Y mice on a pure 129/SvEv genetic background exhibit paradigm-dependent deficits of social interactions. In the first test of social interactions without physical contact, measures of position showed that mutant mice spent significantly less time in close proximity to the mouse on the opposite side of the partition suggesting decreased interaction. This difference was accounted for by a reciprocal increase in the time spent in the cage area farthest away from the opponent. Measures of motor activity demonstrated that the presence of an opponent across the partition was associated with mild reduction of total fine movements in the mutants and redistribution of activity across the cage when compared with wild-type mice. These abnormalities cannot be attributed to global motor deficits and are not accounted for by differences in diurnal motor activity as under single-housed conditions, Mecp2 308/Y mice did not show similar changes. Analogous results were obtained with independent groups of mice in two additional paradigms: interaction with adult males in different partition test and exploration of male juveniles in a common cage space. Overall, these deficits may not be attributed to difference in aggression or dominance in Mecp2 308/Y mice. In fact, direct contact was prevented by the barrier in two of the tests and no significant differences in aggression or dominance were seen in the resident -intruder test and the tube test.
No aggression was present in the interaction with juveniles. Possible explanations are reduced interest and initiative in Mecp2 308/Y mice. This hypothesis is supported by results of the tube test. No dominance differences were found in encounters with socially housed or single-housed mice, as seen in the equal distribution of retreats between genotypes. On the other hand, mutant mice remained close to the entrance of the tube when facing a single-housed unfamiliar wild-type mouse. Pairing of two single-housed mutants also increased the duration of the test suggesting that the social impairments of Mecp2 308/Y mice may be more obvious in the absence of a wild-type mouse which can take the initiative in the interaction. An additional possibility is that the behavior of Mecp2 308/Y mice during social interactions may be affected by increased anxiety in a social encounter with an adult male. In the first partition test, mutants spent more time than wild-type as far away as possible from the opponent across the barrier and showed less activity close to the partition. It is conceivable that the close setting of the resident -intruder test may mask the effect of social anxiety by not allowing sufficient physical separation between the subjects. Interestingly, the social interaction deficits of Mecp2 308/Y mice do not appear to extend to the recognition of familiar from unfamiliar mice or the interaction with novel olfactory stimuli or inanimate objects. These findings, together with the absence of olfactory deficits in Mecp2 308/Y mice, suggest that the impairment of social interactions with unfamiliar or familiar
mice cannot be attributed to global sensory or cognitive deficits. In previous studies, using the resident -intruder paradigm and the tube test, Mecp2 308/Y mice of mixed 129/SvEv Â C57BL/6 genetic background did not show significant social interaction deficits when compared with wild-type mice. In contrast, these experiments suggested that wild-type animals actively avoided Mecp2 308/Y mice (19) . For instance, wildtype mice retreated from mutant mice in most encounters in the tube test. In the resident -intruder test, intruders spent less time interacting with Mecp2 308/Y mice when compared with interactions with wild-type residents. There are several explanations for these differences. First, Shahbazian et al. studied 6-month-old symptomatic mutant mice which displayed severe motor dysfunction and fur abnormalities. It is possible that these overt manifestations of disease influence experimental outcomes in social interactions. Secondly, behavioral responses are known to vary among animals of different genetic backgrounds (32) . Thirdly, in the present study, animals had multiple encounters in various experimental settings.
Prior to the identification of RTT as a distinct disorder, patients with Rett syndrome were diagnosed as autistic (6 -9) , based on the overlap in clinical manifestations. Especially in the early stages of the disorder, RTT girls show significant phenotypic overlap with children with infantile autism. For example, language and social skills are commonly lost in autism and a period of regression is seen in some individuals (33) . Recent studies have shown that features of autism are more common in RTT girls than in children with severe to profound mental retardation, with more autistic-relating deficits and less anti-social behavior (34) . Girls with RTT are also indistinguishable from autistic children in the overall severity of autistic-relating manifestations. Although genetic disorders, such as Fragile X syndrome, Angelman syndrome, Tuberous Sclerosis and Down syndrome, are all associated with autistic features (35 -38) , RTT has perhaps the closest clinical overlap with autistic spectrum disorders. Recent molecular data support the similarities between RTT and autism found at the clinical level. Although mutations in the coding region of MECP2 occur at low frequency in patients with a diagnosis of autism (14 -16), a recent study described significant differences in MeCP2 expression in brain samples from several neurodevelopmental disorders including autism, pervasive developmental disorder, Prader-Willi and Angelman syndromes (39) . These results suggest that the regulation of MeCP2 expression is defective in autistic spectrum disorders.
There are currently no known genetic causes or accepted animal models of autism. To our knowledge, this is the first detailed study of social behavior in an animal model of a genetic disorders associated with autistic manifestations. The identification of social interaction deficits in a mouse model of RTT allows the dissection of the cellular and molecular determinants of social behavior in these animals. We propose that the elucidation of the causes of social interaction deficits of Mecp2 308/Y mice may prove useful in the study of autistic features in RTT and perhaps serve as a model for the pathogenesis of autism. In addition to autism, abnormal social interactions are found in several human psychiatric disorders and Mecp2 308/Y mice may provide a genetic model to study factors that influence abnormal social interactions. For instance, drugs may be screened for their influence on the abnormal social interactions observed in these mice. Future studies will provide an opportunity to dissect the molecular basis of these defects.
MATERIALS AND METHODS
Subjects
The experimental subjects used in all experiments were pure 129/SvEv wild-type and Mecp2 308/Y littermates that were bred in our animal facility from crosses of heterozygous Mecp2 308/X mutant females with wild-type males. All testing was done by observers blind to the genotype of the subjects. First group of wild-type and Mecp2 308/Y mice (n ¼ 23 and 31, respectively, age 10 weeks) was used to study open-field activity, and a second group (n ¼ 16 and 18, respectively, age 10 weeks) was tested in experiments on motor skills (e.g. dowel test). These mice were housed in groups of 4 -5 animals per cage for the duration of all experiments. Homecage behavior and social interaction studies (tests labeled I through III in Results) were performed in a third group of wild-type and Mecp2 308/Y mice (n ¼ 12 per genotype). At the beginning of the study, mice in the latter group were 8-week-old. Body weight was 21 + 0.8 g in wild-type and 23 + 0.7 g in Mecp2 308/Y mutants (mean + SEM). The animals were single housed in polycarbonate cages with water and food available ad libitum. Partners for social interaction tests (n ¼ 24; 129S6/SvEvTac strain from Taconic, Albany, NY, USA) were 5-week-old at the beginning of the study and were housed in groups of 4-5 mice per cage. Additional social interaction (tests IV and V) and olfaction studies were performed in two groups of wild-type and Mecp2 308/Y mice (n ¼ 15 per genotype each group). Two additional groups of wild-type and Mecp2 308/Y pure 129/ SvEv mice were used for further circadian rhythm experiments (i.e. light -dark exposure and wheel running; n ¼ 10 and 6 per genotype, respectively). The experimental rooms were kept on a 12:12 light:dark cycle with lights on from 7:00 AM to 7:00 PM. Ambient temperature was maintained at 218C. Mice were genotyped by PCR using DNA prepared from tail biopsies.
Open-field test
Mice were placed in the center of an open-field arena (40 Â 40 Â 30 cm 3 ). Activity was quantified by a computeroperated Digiscan optical animal activity system (RXYZCM, Accuscan). Each test session lasted 30 min, and data were analyzed as three blocks of 10 min each. Analysis of data was performed using a two-way ANOVA (genotype Â 10 min interval) with repeated measures, using genotype as a between-subject and time as a within-subject factors.
Rotating rod test
Mice were placed on an accelerating rotarod apparatus (Ugo Basile) for 16 trials (four trials a day on four consecutive
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Human Molecular Genetics, 2005, Vol. 14, No. 2 days) with a 30-60 min rest interval between trials. Each trial lasted for a maximum of 10 min, during which the rod accelerated linearly from 4 to 40 rpm for the first 5 min and stayed at a stable speed for another 5 min. The amount of time for each mouse to fall from the rod was recorded for each trial. Data were analyzed using a two-way ANOVA (genotype Â trial) with repeated measures, using genotype as a betweensubject and trial as a within-subject factors.
Dowel test
Mice were placed in the center of a horizontal dowel, and the time they remained on the rod was recorded. If mice walked across and off the dowel, they were placed back onto the center of the dowel. Trials lasted for a maximum of 2 min. Mice were first tested on a 0.9 cm diameter dowel and 2 days later on a 0.7 cm diameter dowel. Data were analyzed using a Mann -Whitney U-test.
Vertical pole test
Mice were placed onto one end of a horizontal pole covered with cloth tape (1.9 cm diameter and 43 cm length). The pole was then slowly shifted to a vertical position, and the time the mice remained on the pole was scored as previously described. Data were analyzed using a Mann -Whitney U-test.
Suspended wire test
Mice were suspended by their forepaws on a 2 mm wire, and the length of time they remained on the wire was recorded.
The maximum length of the test was 1 min. Data were analyzed using a Mann -Whitney U-test.
Stereotypic forepaw movements
Mice were suspended by the tail for 10 s at 40 cm above the cage bedding. Presence or absence of stereotypic forepaw movements was scored and analyzed with Fisher's exact test.
Body tremor
Mice were held on the hand of the examiner for 10 s and the presence or absence of body tremor was recorded and analyzed with Fisher's exact test.
Grooming induced by water mist
Single-housed mice were sprayed with a light water mist on the back and neck area and their behavior was videotaped for 10 min. The videotape was subsequently observed by an examiner blind to the genotype of the mice. The amount of time spent grooming the head or the rest of the body was recorded. Data were analyzed using a two-way ANOVA (genotype Â body area) with repeated measures, using genotype as a between-subject factor and body area as a withinsubject factor.
Wheel running
Mice were housed individually in cages equipped with running wheels. The cages were placed within light-tight, ventilated environmental compartments, where except as noted, the animals were exposed to a 12:12 h light:dark cycle. Magnetic reed switches mounted near the running wheel detected movement of a magnet mounted on the wheel. Switch closures were recorded and plotted by a computer-based system (VitalView 4.0, and ActiView 1.3 software MiniMitter, Bend, OR, USA).
To assess the presence of rhythmicity during various phases of the experiment, actograms were scored by an observer blind to the genotype of the animals. The behavior of each animal in constant darkness and after the light pulse was compared with the behavior of the same mouse during light:dark cycles. Free-running period was estimated from actograms without knowledge of the genotype of the animals. The period was determined from the slope of a hand-drawn line through activity onsets of each animal housed in constant darkness (40) . The first 4 days after discontinuation of the lighting cycle were excluded from the analysis to allow stabilization to constant conditions. Data were analyzed using ANOVA.
Home-cage activity
Mice were single-housed and tested in their home cage (28.5 Â 17.5 Â 12 cm 3 ). Home-cage activity was determined using the Photobeam Activity System (San Diego Instruments), a computerized system that measures the frequency of photobeam breaks along the side of the cage. The software discriminates between locomotor activity, fine movements and total activity (the sum of locomotor activity and fine movements). Locomotion was defined as interruption of two adjacent beams, whereas fine movements were defined as breaking the same beam twice in a row. A 1 s refractory period was introduced to avoid counting high frequency repetitive behavior such as scratching or tail flipping. Data were collected at 1 min interval. In the first experiment, activity was recorded during four separate 2 day sessions, each beginning at 7:00 PM. All recordings were spaced 2 days apart from one another and occurred during the 3 weeks of single housing (age 8 -11 weeks). For analysis, the activity measures were collapsed into 12 h bins to examine the distribution of activity during the light and dark periods. Data analysis was performed using a two-way ANOVA (genotype Â 12 h interval) with repeated measures, using genotype as a between-subject and time interval as a within-subject factors. In a second experiment (designed to test exposure to constant darkness), activity was recorded in a separate group of mice (n ¼ 10 per genotype). Here, 5 days of 12:12 h light:dark cycle were followed by 15 days of constant darkness at the end of which mice were re-exposed to the original 12:12 h light:dark cycle for 12 days. An infrared light was present at all times to allow daily monitoring of the animals. Activity measures collected during the 12:12 h light:dark cycle before exposure to constant darkness, during the last 2 days of dark:dark cycles and during the last 2 days after re-exposure to a 12:12 h light:dark cycle were collapsed into 4 h interval to examine the distribution of activity during the Human Molecular Genetics, 2005, Vol. 14, No. 224 h. Analysis of the data was performed using a three-way ANOVA (genotype Â 4 h interval Â light phase) with repeated measures, using genotype as a between-subjects factor and time interval and light phase as within-subject factors.
Nesting behavior
Nest building and utilization were assessed during 3 weeks of single housing between age 8 and 11 weeks prior to the social interaction tests. Nesting material, a 5 Â 5 cm 2 piece of cotton (Ancare, Bellmore, NY, USA), was introduced in the cage four times for 2 days during 3 weeks. After 24 h, the position of the mouse compared with the location of the nest and the quality of the nest were recorded. After 48 h, the same two measures were recorded, together with the height of the nest. Nest quality was measured using the following scale: (0) nesting material unmodified; (1) flat nest with partially shredded nesting material; (2) shallow nest with shredded material, but lacking fully formed walls; (3) nest with well developed walls; and (4) nest in a shape of a cocoon with partial or complete roof. The four 2 days period were averaged for the analysis. Nest height was analyzed with t-test, and nest quality and nest utilization with Fisher's exact test. Additional nest building studies were performed in the same mice at 17 weeks of age. Here, the behavior of the mice was scored during the initial 30 min of exposure to the nesting material (starting from a cotton nestlet wafer), and data were collected as three 10 min interval. In addition, nest height and quality were measured 30 min and 24 h after introduction to two different types of nesting material: a block of pressed cotton and a Kimwipe paper towel. Data were analyzed using a two-way ANOVA (genotype Â time) with repeated measures. Significant interactions were analyzed by post hoc T-tests.
Resident-intruder test
After 3 weeks of single housing, resident -intruder tests were performed on three consecutive days. On each day, the singlehoused residents were exposed for 10 min to an unfamiliar intruder (socially housed 129S6/SvEv). Behavior was recorded on digital video and the tapes were scored afterwards using a detailed ethogram in the Observer w software (Noldus Information Technologies, Wageningen, The Netherlands). The ethogram contained a total of 26 behaviors grouped into six behavioral classes: non-social exploratory behaviors (attention, sniffing, walking, exploring, rearing, sifting, selfgrooming), active social behavior (approaching, social sniffing, genital sniffing, social pushing, following, mounting); active aggression (lateral threatening, tail rattling, hanging over, biting, chasing, clinching); passive social behavior (being groomed, being mounted); active defense (walking away, running away, defensive kicking); and passive defense (freezing, in submission). At any time, only one behavior was recorded as a state, which means that both duration and frequency are computed. The tapes were scored and analyzed for the resident and intruder independently. Total scores for the six behavioral classes for the tests performed on three consecutive days were analyzed with repeated measures of ANOVA, using genotype as a between-subject and day as a within-subject factors. When appropriate, the ANOVA was followed by post hoc T-tests.
Social interaction test without physical contact (I)
An experimental cage (48 Â 26 Â 15 cm 3 ) was divided into two parts by a transparent perforated barrier separating a larger (26 Â 38 cm 2 ) from a smaller compartment (26 Â 10 cm 2 ). Two days after completion of the residentintruder test, each single-housed test subject was placed in the large compartment at 5:00 PM and left undisturbed until 9:00 AM the following day. Then, an unfamiliar individual from the socially housed mice (129S6/SvEvTac) was placed in the small compartment behind the barrier. The position of the test mouse in the large cage compartment was recorded every minute for 1 h. The large cage compartment was divided by two imaginary lines in three equal sections, i.e. close to, intermediate and far away from the partition. When close to the partition, the examiner scored whether the test mouse was within one body length from the stimulus mouse on the opposite side of the barrier. In a subset of mice (n ¼ 6 for each genotype), in addition to manual scoring, the Photobeam Activity System was used simultaneously to record the activity of test subjects in the larger cage compartment. Locomotor activity and fine movements were recorded automatically and used to determine the distribution of motor activity at various distances from the partition. The data were analyzed for the periods before and after introduction of the stimulus mouse. Beam interruptions after introduction of the stimulus mouse were also analyzed separately for the light and dark phases of the 24 h cycle. Data were analyzed using a two-way ANOVA with repeated measures using genotype as a between subject and cage position as a within subject factors. Significant interactions were then analyzed by T-tests.
Tube test
The tube test was used as an additional measure of social behavior (25) . Here, two mice were placed into opposite ends of a clear acrylic cylindrical tube (3.5 cm in diameter and 33 cm in length), and the following parameters were recorded: which mouse retreated backwards, the distance each mouse moved forward inside the tube until the heads met (measured in increments of one-third of the total length of the tube) and the latency to retreat (i.e. end of test). The percentage of retreats, distance moved and retreat latency were calculated from the total number of encounters per test subject. This assay was performed in two ways. First, single-housed wild-type and Mecp2
308/Y mice were tested against unfamiliar group-housed mice (four trials per day for two consecutive days). Secondly, all 24 single-housed mice were tested against each other (23 trials over four consecutive days). In the first experiment, data were analyzed using T-tests. In the second experiment, retreat and distance traveled data were analyzed by T-tests. Data on test duration were analyzed using a two-way ANOVA (genotype of test mouse Â genotype of opponent mouse) with repeated measures.
Partition test in standard housing cage
Pure 129/SvEv wild-type and Mecp2 308/Y littermates of 30 weeks of age were caged individually for 3 days to reduce group effects. Pure C57BL/6J wild-type male mice of 15 weeks of age were used as stimulus mice. One 129/SvEv and one C57BL/6J mice were placed in pairs into separate halves of an experimental cage (28.5 Â 17.5 Â 12 cm 3 ) separated by a perforated transparent partition that permitted animals to see, hear and perceive the smell of a neighbor, but prevented direct physical contact. Typically, mice move near the partition where they smell, touch, clutch, hang on, put their noses into or gnaw the holes. The mice were left undisturbed in these housing conditions for 18 h. Testing was started at 10:00 AM the following day. The time spent by test subjects in direct contact with the partition (with whiskers, nose or paws) was measured using a hand-held computer (Psion Workabout mx, Psion Teklogix, Erlanger, KY, USA) and the software The Observerw (Noldus Information Technologies, Leesburg, VA, USA). Test subjects remained in their own compartment and were observed for three consecutive periods of 5 min each. During the first period, the caging arrangements of the previous 18 h were not changed (familiar adult). During the second period, the stimulus mouse was replaced by an animal previously housed in a different cage under identical circumstances (unfamiliar adult). During the third period, the original stimulus mouse was returned to its compartment (familiar adult). Data were analyzed using a two-way ANOVA (genotype Â time) with repeated measures. Significant interactions were analyzed by post hoc T-tests.
Olfaction test
Mice were habituated to the flavor of a novel food (Kellogg's blueberry cereal bar) for 3 days prior to testing. On the fourth day, a 1 cm 3 piece of blueberry bar was buried under 2 cm of bedding in a clean cage. The mice were placed in the cage, and the time required to find the food was measured. Data were analyzed by T-test.
Interaction with unfamiliar juveniles, nesting material used by unfamiliar males and a novel object Pure 129/SvEv wild-type and Mecp2 308/Y littermates of 30 weeks of age were placed into individual cages immediately prior to the experimental session and allowed to habituate to the new environment for 15 min. The cages used were identical to those in which the animals were normally housed (28.5 Â 17.5 Â 12 cm 3 ). A male juvenile (pure C57BL/6J wild-type of 3 -4 weeks of age) was placed into the cage with an adult for a total of 2 min. The social investigation of the juvenile by the adult was observed by a trained observer who timed the duration of the investigation with a hand-held stopwatch. Behaviors that were scored as social investigation included the following: direct contact, sniffing and close following (within ,1 cm). There were no aggressive encounters between animals. Naïve mice were used in all encounters. After 1 week, the same adult mice were habituated to individual cages for 15 min after which nesting material that had been used by unfamiliar mice was placed in the cage. The time spent investigating the nesting material was measured during a 2 min period. One week later, after a period of habituation to individual cages for 15 min, the same adult mice were exposed for 2 min to an unfamiliar object (plastic tube 1.5 ml). The time spent investigating the tube was measured using a hand-held stopwatch. Data for these three experiments were analyzed by T-test.
